The transverse peculiar velocities caused by the mass distribution of large-scale structure provide a test of the theoretical matter power spectrum and the cosmological parameters that contribute to its shape. Typically, the matter density distribution of the nearby Universe is measured through redshift or line-of-sight peculiar velocity surveys. However, both methods require model-dependent distance measures to place the galaxies or to differentiate peculiar velocity from the Hubble expansion. In this paper, we use the correlated proper motions of galaxy pairs from the VLBA Extragalactic Proper Motion Catalog to place limits on the transverse peculiar velocity of galaxy pairs with comoving separations < 1500 Mpc without a reliance on precise distance measurements. The relative proper motions of galaxy pairs across the line of sight can be directly translated into relative peculiar velocities because no proper motion will occur in a homogeneous expansion. We place a 3σ limit on the relative proper motion of pairs with comoving separations < 100 Mpc of −17.4 µas yr −1 <θ/ sin θ < 19.8 µas yr −1 . We also confirm that large-separation objects (> 200 Mpc) are consistent with pure Hubble expansion to within ∼ 5.3 µas yr −1 (1σ). Finally, we predict that Gaia end-of-mission proper motions will be able to significantly detect the mass distribution of large-scale structure on length scales < 25 Mpc. This future detection will allow a test of the shape of the theoretical mass power spectrum without a reliance on precise distance measurements.
INTRODUCTION
The modern standard model of cosmology is a spatially flat, expanding Universe dominated by cold dark matter and a cosmological constant. Small matter density perturbations in the primordial Universe drive the initial gravitational collapse of matter and dark matter into overdensities, which give rise to the formation of large-scale structure (LSS), clusters, and galaxies (e.g., Blumenthal et al. 1984 ) through a hierarchical process. The overall process and cosmological parameters that govern the process are, in general, well constrained (e.g., Hu & White 1996a,b; Hu et al. 1997; Riess et al. 2001; Peiris et al. 2003; Moodley et al. 2004; Planck Collaboration et al. 2016a ). However, the exact values of the parameters remain somewhat uncertain, including the baryon and neutrino density (e.g., Eisenstein & Hu 1999; Eisenstein et al. 2005) , the Hubble constant (e.g., Eisenstein et al. 2005; Riess et al. 2011; Planck Collaboration et al. 2016b; Riess et al. 2016; Zhang et al. 2017; Riess et al. 2018) , the tensor-to-scalar ratio of primordial gravitational waves (e.g., Planck Collaboration et al. 2016c) , and the spatial curvature (e.g., Eisenstein et al. 2005; Planck Collaboration et al. 2016d) .
The current distribution of LSS provides a means to test many of the less certain cosmological parameters by comparing the observed LSS to that predicted by cosmological simulations. Most commonly, maps of LSS are created using the sky distribution of visible galaxies with redshift as a proxy for distance (e.g., de Lapparent et al. 1986; York et al. 2000; Gott et al. 2005) . However, these maps rely on the assumption that light and visible matter trace the overall dark matter distribution. In general, it is reasonable to assume that galaxies form at the peaks of dark matter (Kaiser 1984) , but a bias model (e.g., Bardeen et al. 1986; Coles 1993; Fry 1996; Tegmark & Peebles 1998 ) is still required to translate the observed LSS to the dark matter distributions generated by cosmological simulations.
Galaxy line-of-sight peculiar velocities are an alternate means to track the dark matter distribution that does not require a translation between light and total mass because peculiar velocities of galaxies are directly caused by the matter density distribution. Line-of-sight peculiar velocities are obtained from the difference between the redshift and a redshift-independent distance. Velocity surveys can probe more distant structures than redshift surveys because objects' velocities can be influenced by distant objects that are outside the range of the survey (e.g., Doumler et al. 2013; Tully et al. 2014) . The drawback of line-of-sight velocity surveys to detect the dark matter distribution is that small uncertainties in a galaxy's distance can translate to large peculiar velocity uncertainties. Therefore, large samples of galaxy redshifts and distances are needed to statistically detect an average matter density distribution (Tully et al. 2014) .
Both methods of mapping LSS produce similar matter density distributions (e.g., Strauss et al. 1992; Dekel et al. 1993; Kitaura et al. 2012; Courtois et al. 2012) , which is a good confirmation of the standard model of LSS evolution through hierarchical growth and gravitational instability. However, both methods require redshifts or other modeldependent distance measures to either spatially place the galaxies or to translate spectroscopic line shifts into peculiar velocities. Therefore, another method that is independent of the "distance ladder" and other distance models is needed to provide an independent test of the model of LSS evolution.
Extragalactic proper motions can be used to test models of LSS evolution without a reliance on the "distance ladder." Like line-of-sight peculiar velocities, transverse peculiar velocities directly probe the matter density distribution and do not require any assumptions about the relative abundances of visible matter and dark matter (or how light traces mass). As the Universe expands, both line-of-sight and peculiar velocities will contain peculiar motion from gravitational interactions. However, line-of-sight velocities require an independent distance measure to differentiate between Hubble expansion and peculiar velocity. On the other hand, orthogonal velocities across the line of sight (observed as proper motions) are separable from the Hubble expansion because no proper motion will occur in a homogeneous expansion (Nusser et al. 2012; Darling 2013) .
In this paper, we use the relative proper motion of pairs of extragalactic objects from our VLBA Extragalactic Proper Motion Catalog (Truebenbach & Darling 2017) to constrain transverse peculiar velocities induced by the mass distribution of LSS. We describe the expected signal in Section 2 and calculate the signal for pairs with separations < 1500 Mpc is Section 3. In Section 4, we compare our measurement to that predicted by a transverse peculiar velocity two-point correlation statistic calculated from a z = 0 matter power spectrum (Darling & Truebenbach 2018 submitted) . Finally, we predict Gaia's ability to measure the relative convergence of galaxies on small scales (Sec. 5) and discuss future improvements to our catalog (Sec. 6). In this paper we assume H 0 = 70 km s −1 Mpc −1 and a flat cosmology with Ω Λ = 0.73 and Ω M = 0.27.
PAIRWISE PROPER MOTION -THEORY
Extragalactic proper motions are a combination of intrinsic apparent proper motions that are specific to each individual source and uncorrelated between objects (e.g., radio jets), correlated proper motions from cosmological effects (e.g., Gwinn et al. 1997; Quercellini et al. 2009; Nusser et al. 2012; Darling 2013) , and apparent proper motions from observer-induced signatures such as the secular aberration drift (e.g., Fanselow 1983; Bastian 1995; Eubanks et al. 1995; Sovers et al. 1998; Mignard 2002; Kovalevsky 2003; Kopeikin & Makarov 2006; Titov et al. 2011; Titov & Lambert 2013; Xu et al. 2012 Xu et al. , 2013 . Extragalactic proper motions measured with very long baseline interferometry (VLBI) at radio frequencies typically have uncertainties of tens of µas yr −1 (e.g., Titov & Lambert 2013; Truebenbach & Darling 2017 ) that are much larger than the predicted cosmological proper motions ( 15 µas yr −1 ). Therefore, studies using extragalactic proper motions to measure correlated cosmological and observer-induced effects are challenged by randomly-oriented intrinsic apparent proper motions and proper motion uncertainties.
The majority of extragalactic proper motions are measured using VLBI observations of radio-loud quasars. However, in addition to proper motion caused by cosmological effects, quasars also have intrinsic proper motions, predominantly due to the motion of plasma in relativistic jets produced by the quasars (e.g., Bridle & Perley 1984; Fey et al. 1997) . These intrinsic proper motions are random in orientation on the sky. To separate intrinsic proper motions from cosmological proper motions, we use the relative proper motions of "pairs" of quasars (Darling 2013) . The intrinsic proper motions of quasars are uncorrelated, whereas LSS growth will display a correlated signal in close-separation pairs along the pair axis. With a large enough sample size and a long enough observing period, the contaminating signal caused by intrinsic motions can be reduced enough to detect the correlated proper motion caused by the mass distribution of LSS.
For a "pair" of extragalactic objects 1 , the angular separation of the objects is defined as
where l is the proper length separating the objects and D A is the angular diameter distance. Then, the relative proper motion of the two objects along a great circle,θ, iṡ
where
andl is the change in proper length (Darling 2013) . See Darling (2013) for further discussion. If the pair of extragalactic objects are far enough apart that they do not interact gravitationally, theṅ
because the space between the objects expands with the Hubble expansion. Combining this equation and Equation 2 givesθ = 0 -no proper motion is expected for objects comoving with a homogeneously expanding Universe. On the other hand, if the pair are part of a static structure (e.g., two galaxies in the same virialized cluster) thenl/l = 0 and the pair will appear to converge as they move away from us with the Hubble flow. For a static structure at z = 0, the apparent convergence of a pair can be approximated as H 0 ∼ 15 µas yr −1 . The majority of extragalactic pairs have large physical separations and will show the null signal expected for gravitationally non-interacting objects entrained in the Hubble flow. However, pairs with close physical separations ( 50 Mpc, comoving) are expected to show relative proper motion that is a combination of the two signals; the pair will both appear to converge as the galaxies move away from us with the Hubble flow and they will have relative proper motion determined by their gravitational interaction with their local mass density distribution. Therefore, most pairs are expected to have a total relative proper motion that is less than the ∼ 15 µas yr −1 signal predicted for static structures.
PAIRWISE PROPER MOTION -MEASUREMENT
We measured the relative proper motion of extragalactic objects using the VLBA Extragalactic Proper Motion Catalog (Truebenbach & Darling 2017 Prior to calculating pairwise proper motions, we also fit and subtracted the secular aberration drift signal measured in our catalog (Truebenbach & Darling 2017) . The secular aberration drift, an apparent curl-free dipole motion of all extragalactic objects caused by the Solar System's acceleration towards the Galactic center, is an observer-induced apparent extragalactic motion and must be removed before analyzing any proper motions caused by cosmological effects. In Truebenbach & Darling (2017) , we measured a dipole signal from the aberration drift with a square root power equal to 4.89 ± 0.77 µas yr −1 and an apex of (275.2 ± 10.0 • , −29.4 ± 8.8
• ) in equatorial coordinates (see Xu et al. (2013) and Titov & Lambert (2013) for other measurements of the secular aberration drift). Although we only detect a portion of the predicted dipole signal (expected square root power = 15.6 ± 2.3 µas yr −1 ; derived from Reid et al. 2009 ) in our catalog, we still must remove this partial dipole before proceeding.
For all objects, we calculated their relative proper motion,θ/ sin θ, with respect to all other sources in the catalog. For two points on a sphere, the angular separation of the two points is
where the points' equatorial coordinates are (α i ,δ i ). The change in the angular separation due to the proper motion of those points iṡ
Comoving separation is calculated from the angular separation and the cosine rule:
D i and D j are the comoving proper distances of the objects, calculated by integrating the inverse of the scale factor from the object's time of emission to the present:
Several galaxies (M81, M84, 3C274, 1923+210, and NGC4261) are too nearby for redshift to be a good proxy for distance. For these, we used a median of various redshift-independent distances reported by the NASA/IPAC Extragalactic Database 2 (NED), including distances measured from Type 1a supernovae light curves (e.g., Colgate 1979; Riess et al. 1996; Perlmutter et al. 1999) , globular cluster luminosity functions (e.g., Hanes 1977; Harris & Racine 1979) , surface brightness fluctuations (Tonry & Schneider 1988; Tonry et al. 1990; Jensen et al. 1998; Blakeslee et al. 1999; Mei et al. 2005) , and the Faber-Jackson relation (Faber & Jackson 1976 ). We did not include distance measurements made prior to the year 2000. Figure 3 shows the relative proper motion of radio source pairs binned by comoving separation. The relative proper motions and error bars are the median and standard deviation of a bootstrap distribution (see below). The solid line atθ/ sin θ = −15 µas yr −1 indicates the expected convergence of a static structure at z = 0. This represents the most extreme deviation from the null signal of pure Hubble expansion for pairs whose relative proper motion is not dominated by intrinsic motions (i.e., radio jets). The curved lines show the predicted relative proper motion as a function of pair separation estimated as the square root of the transverse peculiar velocity two-point correlation function for a pair with an angular separation of 30 degrees (see Section 4 and Darling & Truebenbach 2018 submitted) . It is important to note that individual objects can be part of many pairs, therefore the bins in Figure 3 are not statistically independent. • derived from the transverse, peculiar velocity two-point correlation function (Eqn 11 and Darling & Truebenbach 2018 submitted). We find a 3 sigma limit on the convergence rate of gravitationally-interacting objects (< 100 Mpc) of −17.4 µas yr −1 <θ/ sin θ < 19.8 µas yr −1 . Large-separation pairs are consistent with the null signal expected for Hubble expansion to within 1σ: < 2.3 µas yr −1 for pairs with separations > 800 Mpc and < 5.7 µas yr −1 for pairs with separations 200 − 800 Mpc. Table 1 lists the bin medians and uncertainties. As predicted, bins with comoving separations > 100 Mpc show no relative motion and are consistent with pure Hubble expansion. Despite the large scatter of relative proper motions within each bin due to the intrinsic proper motions from jets, we are still able to measure the expected cosmological behavior of large-separation pairs to high precision. Large-separation pairs are consistent with pure Hubble expansion to within 1σ: < 2.3 µas yr −1 for pairs with separations > 800 Mpc and < 5.7 µas yr −1 for pairs with separations 200 − 800 Mpc. This result is a strong verification of our ability to place limits on small relative proper motion signals from a sample of large, uncorrelated intrinsic proper motions.
The bin with comoving separations < 100 Mpc is consistent with both Hubble expansion and the maximum convergence of static structures at z = 0. The predicted relative proper motion from the two-point correlation function lies between these two expected signals and is also consistent with the first bin. Overall, the < 100 Mpc bin contains too few pairs to detect any significant deviation from pure Hubble expansion. Additionally, Figure 3 shows that the predicted two-point correlation function only deviates from zero for pairs with comoving separations 50 Mpc. There are only 8 pairs with separations < 50 Mpc, with a mean relative proper motion of −11.5 µas yr −1 and a standard deviation of 22.2 µas yr −1 . Therefore, there are too few pairs with separations < 50 Mpc to statistically differentiate between pure Hubble expansion and the convergence expected for small-separation pairs.
The primary concern when calculating binned pairwise proper motion is the effect of individual objects with wellmeasured, large, intrinsic proper motions from relativistic jets. These intrinsic proper motions are often highly significant outliers in the bin and can dominate an error-weighted least-squares fit. This effect is particularly a concern for the bin of pairs with comoving separations < 100 Mpc. Figure 2 shows the objects that comprise the first bin along the outer circle, while the connecting chords show the pairs. This figure demonstrates that many of the pairs in the first bin are composed of the same small number of galaxies. If one galaxy that is in many pairs has a significant intrinsic proper motion, it can have a large effect on the bin's average. We use relative proper motions along a pair axis to somewhat mitigate this effect. Intrinsic proper motions are randomly oriented and are uncorrelated between objects, reducing the likelihood that the intrinsic proper motion will lie along the pair axis. However, Figure 3 shows the individual pairwise proper motions for all pairs with comoving separations < 100 Mpc and illustrates that the bin uncertainty is still dominated by significant individual pairwise proper motions. To quantify this scatter and reduce the influence of individual galaxies on the bin average, the bin averages and uncertainties in Figure 3 are the median and standard deviation of 1,000 iterations of a bootstrap distribution where subsets of the galaxies that comprise the bin are selected. In addition, the bin uncertainties must be bootstrapped because the bins are correlated -multiple bins contain many of the same objects. Therefore, we cannot directly calculate an uncertainty for each bin without also accounting for its correlation to the other bins. In this case, a bootstrap distribution is an accurate way to estimate the bin uncertainties.
We also reduce the influence of significant outliers by calculating the bin average of each bootstrap binning iteration through a maximum-likelihood "permissive fit" method (see Darling et al. 2018 submitted) . This method allows for highly significant outlier data points by assuming that the offset between model and data will in some cases be bounded by the measured uncertainty (Sivia & Skilling 2006, p. 168) . For each iteration, we use a least-squares technique with lmfit (Newville et al. 2014 ) to obtain the bin average that minimizes the permissive fit residual.
Before we bootstrap and fit each bin, we clip all pairs whose relative velocity is greater than three times that expected for a static structure at the pair's redshift. For a pair at an average comoving proper distance D, with relative apparent velocity v = (θ/ sin θ) D, the maximum convergence expected for a static pair that is entrained in the Hubble flow iṡ
which equates to a maximum expected relative velocity of
We include in our bin averages all pairs whose relative apparent velocity is within 1σ of the range 3v max < v < −3v max , thereby removing all pairs that are contracting / expanding more than three times faster than the contraction expected for a static structure receding in the Hubble flow. This clipping of large apparent relative velocities removes pairs whose relative proper motions are jet-dominated rather than dominated by peculiar velocities caused by the mass distribution of LSS. Figure 3 shows the clipped pairs from the first bin in red. This clipping criterion is preferable over simpler criteria (e.g., clipping objects with absolute proper motions or proper motion uncertainties > 100 µas yr −1 ) because it is distance independent. If we clip objects with large absolute proper motions and proper motion uncertainties, we remove the most distant objects from our bin averages because peculiar velocity uncertainty is higher for more distant objects; these criteria bias the bin averages towards nearby pairs. On the other hand, our criterion clips using a 1σ deviation from the maximum expected relative velocity determined from the Hubble flow, which scales with distance. Finally, we include three rounds of 5σ clipping of pairs that deviate from the bin median. On average, this iterative clipping removes < 1 pair from each bootstrap iteration for bins with separations < 500 Mpc. It removes 1 − 6 pairs for bins with separations > 500 Mpc.
LIMIT ON PECULIAR TRANSVERSE VELOCITY
As discussed in Section 3 and shown in Figure 3 , the bin of pairs with comoving separations < 100 Mpc is consistent with both pure Hubble expansion and the expected convergence of a static structure at z = 0. It is also consistent with the predicted relative proper motion of a pair with an angular separation of 30
• derived from the transverse peculiar velocity two-point correlation function (Eqn 11). Based on the < 100 Mpc bin median, we find a 3σ constraint on the convergence rate of gravitationally-interacting objects of −17.4 µas yr −1 <θ/ sin θ < 19.8 µas yr −1 . Large-separation pairs are consistent with pure Hubble expansion to within 1σ: < 2.3 µas yr −1 for pairs with separations > 800 Mpc and < 5.7 µas yr −1 for pairs with separations 200 − 800 Mpc. The curved line representing the expected signal from the correlation function in Figure 3 is a rough approximation meant to aid in the reader's interpretation of the plot. The expected pair proper motion for close-separation pairs can be more precisely calculated using a two-point correlation statistic and a theoretical mass power spectrum. For a pair of objects with transverse peculiar velocities v ⊥,1 and v ⊥,2 , respectively, Darling & Truebenbach (2018 submitted) define a two-point correlation statistic,
where the angle brackets represent summing over all pairs with a given separation, D 1 and D 2 are the radial vectors to the objects, andx is the unit space vector connecting the two radial vectors. In Appendix A, we calculate ξ i , the transverse peculiar velocity two-point correlation statistic for each individual pair. Figure 4 shows the median of the bootstrap distribution for the individual two-point correlation statistic (Eqn A7) for all pairs of objects with comoving separations < 1500 Mpc. The pairs are selected and clipped in the same manner as was used to create Figure 3 . Again, the bin centers and error bars are the median and standard deviation of a 1000 iteration bootstrap distribution. The expected correlation statistic from the theoretical mass power spectrum is also plotted for several angular separations. Like the mass power spectrum at several angular separations. The < 100 Mpc bin contains a roughly even distribution of pair angular separations between 0 • and 180
• (most pairs in the bin include very nearby galaxies within 200 comoving Mpc of our galaxy). The plotted correlation statistics show that the expected ξ i vary widely as a function of angular separation, therefore the bin median is somewhat diluted by a wide range of ξ i values. In future studies with larger sample sizes, it may be beneficial to bin pairs by angular separation.
FUTURE LIMITS ON PECULIAR TRANSVERSE VELOCITY WITH GAIA
Our current catalog of extragalactic proper motions is not sufficiently large to detect the average motion caused by the mass distribution of LSS. Specifically, we lack sufficient pairs with comoving separations < 50 Mpc, where the predicted correlation of LSS deviates from the null signal predicted on large length scales. If we roughly expect the error bars in Figure 4 to decrease by N , then we would need ∼ 30 more close-separation pairs to significantly detect the relative proper motion from LSS (this assumes that all new pairs are independent measurements and that multiple pairs do not contain the same object).
Gaia (Gaia Collaboration et al. 2016 extragalactic proper motions will significantly increase the sample of pairs with separations < 50 Mpc. However, Gaia proper motions have much higher uncertainties (∼ 200 µas yr −1 ; Paine et al. 2018 submitted) than those produced through VLBI observations (10's of µas yr −1 ; Titov & Lambert 2013; Truebenbach & Darling 2017) . To assess the contribution of Gaia proper motions to our measurement of the peculiar velocities caused by the mass distribution of LSS, we created a simulated catalog of proper motions from Gaia DR1 (Lindegren et al. 2016) . We cross-matched the DR1 catalog with the third release of the Large Quasar Astrometric Catalog (LQAC3; Souchay et al. 2009 Souchay et al. , 2015 to select a large sample of extragalactic objects and to obtain redshifts. Using the pyGaia 3 package, we gave each quasar a predicted Gaia end-of-mission proper motion uncertainty based on its ecliptic angle and optical G-band magnitude. Then, we gave each quasar a proper motion randomly drawn from the distribution of predicted proper motion uncertainties in order to create a null proper motion noisy data set for signal recovery simulations. Our total catalog roughly follows the Sloan Digital Sky Survey (SDSS; York et al. 2000) footprint with additional sparse coverage across the entire sky and contains 189,562 objects with an average proper motion uncertainty of ∼ 210 µas yr −1 . We found 236,218 pairs with comoving separations < 50 Mpc. For each pair with a separation < 100 Mpc (610,841 pairs), we assumed that the pair was at the average comoving distance of the pair constituents and added the expected correlation statistic for equidistant pairs predicted from the matter power spectrum to the correlation statistic calculated from the pair's random noise-consistent proper motions. Then we attempted to recover the injected signal to predict whether Gaia proper motions will be able to detect the transverse peculiar velocities induced by the mass distribution of LSS for close-separation pairs. Note that adding two correlation statistics rather than adding two velocities and then calculating the correlation statistic underestimates the total injected signal. However, it is non-trivial to recover predicted velocities from the injected correlation statistic. Therefore, we use the approximation of added correlation statistics, which is sufficient for this initial estimate. Additionally, the assumption of equidistant pairs overestimates the correlation statistic compared to a full calculation of the statistic for randomly oriented pairs (Darling & Truebenbach 2018 submitted) . But, again, this approximation of sufficient for this initial estimate. Figure 5 shows the binned correlation statistic for our catalog of simulated Gaia proper motions. The blue stars show the bin averages for the catalog with the expected correlation statistic added to the no-signal statistic calculated from the random noise-consistent proper motions, while the black dots show the bin averages for the catalog with no signal added. The red boxes show the 1σ distribution of expected correlation statistics for all pairs in each bin. We performed the same pairs search and ξ i binning for both Gaia catalogs as we did for our proper motion catalog. However, because of the large sample size, we did not include a bootstrap. Instead, the plotted bin values and uncertainties are the maximum likelihood solutions for the bin averages and the 68% confidence intervals of the probability distributions. Table 2 lists the bin averages and uncertainties, along with several additional bin statistics, while Figure 6 shows the catalog's distribution of pair angular separation. Both the table and figure show that all four bins are dominated by pairs with angular separations less than 10
• . The Gaia catalog simulated proper motions demonstrate that even a subset of 189,562 Gaia extragalactic proper motions will be able to detect a deviation from pure Hubble expansion for close-separation pairs. The first bin with comoving separations < 25 Mpc is a 30σ detection and is in good agreement with the input signal. Given the approximations made when calculating the correlation statistic, this significance is likely overoptimistic. However, it demonstrates that a significant detection will be possible with Gaia. Although Gaia proper motions will be much less precise than VLBI proper motions, the two orders of magnitude increase in the number of available extragalactic proper motions will allow a significant detection of the expected transverse peculiar velocity two-point correlation function at physical separations < 25 Mpc. The shape and magnitude of the measured correlation will allow a means to test the shape of the theoretical mass power spectrum that is independent of any distance ladder.
There are several additional sources of proper motion uncertainty for Gaia extragalactic objects that are not accounted for in our catalog. Intrinsic active galactic nuclei (AGN) variability can cause an apparent proper motion of up to a few mas over the variability timescale for nearby galaxies (Popović et al. 2012) . Microlensing can also cause an apparent centroid location shift as large as tens of µas for stellar mass lensing objects (Treyer & Wambsganss 2004 ) and a few mas for lensing stellar clusters (Popović & Simić 2013) . Both AGN variability and microlensing will add uncorrelated proper motion noise to Gaia proper motions. However, the expected signal due to the mass distribution of LSS is a correlated, relative proper motion. Therefore, although these effects will add to the overall noise of Gaia proper motions, they will have a less significant effect on the noise of our measured correlation statistic.
CONCLUSIONS
In this paper, we measured the relative proper motion of all pairs of objects from the VLBA Extragalactic Proper Motion Catalog (Truebenbach & Darling 2017 ) with comoving separations less than 1500 Mpc. We found that largeseparation pairs with separations > 200 Mpc are consistent with the null signal expected for Hubble expansion to within ∼ 5.7 µas yr −1 (1σ). This result demonstrates that our method of measuring the relative proper motion of pairs is able to extract small proper motion signals to high precision despite the large scatter of individual pairs due to the intrinsic proper motions from jets.
We also found that we have too few close-separation pairs (< 100 Mpc) to statistically detect the expected convergence predicted by the peculiar transverse velocity two-point correlation function. We found a 3σ limit on the Figure 5 . The transverse peculiar velocity two-point correlation statistic (Eqn A7) for the Gaia catalog simulated proper motions. The blue stars show the bin averages for the catalog with the expected correlation statistic added to the no-signal statistic calculated from the random noise-consistent proper motions, while the black dots show the bin averages for the catalog with no signal added. The error bars on these points show the 68% confidence intervals of the probability distributions of the bin averages. The red boxes show the 1σ distribution of expected correlation statistics for all pairs in each bin, while the red dashed line shows the expected correlation statistic from the theoretical mass power spectrum for pairs with angular separations of 5
• . The number of pairs per bin is listed above or below each blue star. convergence rate of close-separation pairs of −17.4 µas yr −1 <θ/ sin θ < 19.8 µas yr −1 . Additionally, we estimated that we would need ∼ 30 more uncorrelated pairs with separations < 50 Mpc to make a 3σ detection of this effect.
There are several available avenues for expanding our sample of close-separation pairs. The best source for additional extragalactic proper motions is very long baseline interferometry because of its uniquely high angular resolution. From the uncertainties in Figure 4 , we predict that we would need ∼ 30 additional pairs with comoving separations < 50 Mpc to measure the expected signal from the mass distribution of LSS. However, in order to achieve the proper motion precisions in our catalog, astrometry was obtained for all quasars more than three times over at least a 10 year timespan. Therefore, addition of new close-separation pairs would be a long-term project that would require significant VLBI use.
The Next Generation Very Large Array (ngVLA) provides another avenue for measuring new extragalactic proper motions. The ngVLA will provide ten times the effective collecting area and ten times longer baselines (300 km) than the current Karl Jansky Very Large Array (JVLA; Carilli et al. 2015) . The larger collecting area will enable faster astrometry of fainter sources than is currently possible with the VLBA. In one hour of observation time, the ngVLA will detect objects with flux densities of a few tenths of a mJy or brighter (Butler et al. 2018) .
If additional ngVLA antennae are installed at VLBA sites, the collecting power of the ngVLA could be combined with the astrometric precision of the VLBA to quickly create a large sample of close-separation pairs. For example, if 10,000 objects were monitored on a yearly basis to obtain 10 µas yr −1 astrometry per object, this would enable global detection of 0.1 µas yr −1 correlated signals at 5σ significance (Bower et al. 2015) . At this precision, we could constrain isotropy to 0.1% of H 0 (Bower et al. 2015) . If objects are selected to be in close-separation pairs, a new proper motion catalog with the ngVLA and VLBA would contain more than enough objects to detect the mass distribution of LSS; we predict that we need only ∼ 30 pairs with separations < 50 Mpc for a 3σ detection of this effect (Section 5).
However, it is uncertain whether the ngVLA will include long baselines > 1000 km. For observations at 3.6 cm with a maximum baseline of 1000 km, the ngVLA will achieve a spatial resolution of ∼ 7 mas. If objects are observed yearly for 10 years, then we expect to detect proper motions > 700 µas yr −1 . Therefore, unless the ngVLA includes baselines on order of VLBA baselines or can be used in conjunction with existing VLBI networks, the ngVLA will not be an effective tool to expand our sample of close-separation pairs.
With the limitations of current VLBA catalogs and ngVLA baselines, Gaia proper motions remain the best avenue for increasing our sample of close-separation pairs. As discussed in Section 5, Gaia will produce ∼ 10 6 new extragalactic proper motions (Robin et al. 2012 ) with astrometric precisions of ∼ 1.69 mas (Lindegren et al. 2016) . Although Gaia proper motions are much less precise (uncertainties ∼ 200 µas yr −1 ; Paine et al. 2018 submitted) than those produced through VLBI observations (tens of µas yr −1 ; Titov & Lambert 2013; Truebenbach & Darling 2017) , the large number of additional proper motions will allow a statistical detection of correlated signals. Additionally, optical proper motions typically have a smaller contribution from intrinsic proper motions than those measured in the radio because the optical source more frequently traces the galaxy core, rather than tracing a jet driven by the active galactic nucleus (Darling et al. 2018 submitted) .
In Section 5, we examined a subset of the Gaia DR1 catalog with 610,841 simulated extragalactic proper motions to estimate how well Gaia end-of-mission proper motions will be able to detect the relative velocity of close-separation pairs caused by the mass distribution of LSS. We found that the subset is able to significantly detect the predicted correlation of close-separation pairs. Therefore, although our current sample of close-separation pairs is too small to statistically detect the net convergence of gravitationally-interacting pairs, Gaia proper motions will be able to make a highly significant detection of the mass distribution of LSS on small scales. Comparison of the measured peculiar transverse two-point correlation statistic to that predicted by the theoretical matter power spectrum will allow a means to test the cosmological principles that contribute to the shape and magnitude of the power spectrum without a reliance on precise distance measurements.
